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enamel formation (Gibson et al., 2001) and is believed to play key roles in regulating nucleation, growth, morphology, and organization of developing enamel mineral phases (Moradian-Oldak et al., 1998; Beniash et al., 2005; Margolis et al., 2006; Tarasevich et al., 2007; Wang et al., 2007; Kwak et al., 2009) . Amelogenin is composed of a tyrosine-rich N-terminal domain (called TRAP -tyrosine-rich amelogenin peptide), containing the protein's only phosphorylation site, a large central hydrophobic domain, and a highly conserved hydrophilic C-terminus. Amelogenin has been shown to assemble into nanoparticles, frequently called nanospheres, and higher-order chain-like structures under specific conditions (Fincham et al., 1995; Aichmayer et al., 2005 Aichmayer et al., , 2010 Beniash et al., 2005; Wiedemann-Bidlack et al., 2007 .
The Leucine-Rich Amelogenin Peptide (LRAP) is an alternative splicing product of the amelogenin gene expressed throughout enamel development (Yuan et al., 1996) . Porcine LRAP is comprised of 56 amino acids: the 33 N-terminal (including the phosphorylation site) and 23 C-terminal amino acids (including the hydrophilic domain) of full-length amelogenin (Fincham and Moradian-Oldak, 1993) . The N-terminal and C-terminal domains of fulllength amelogenin have been shown to play essential roles in proper enamel mineral formation (Paine et al., 2003a,b) .
Although its role in amelogenesis is unclear, LRAP shares some properties with full-length amelogenin. LRAP, like amelogenin (e.g., rH175), forms nanospheres, as shown for fluoroapatite (Habelitz et al., 2006) or surfactant-coated gold surfaces (Tarasevich et al., 2010) , and appears to interact with hydroxyapatite through its C-terminus (Shaw et al., 2004) , although this domain is not solely responsible for mineral binding (Shaw et al., 2008) . LRAP is also processed during secretory amelogenesis by enamelysin, resulting in the removal of 16 C-terminal amino acids, and by kallikrein-4 during the maturation stage (Nagano et al., 2009 ). The C-terminal domain of amelogenin has been shown to be essential for protein self-assembly in enamel (Paine et al., 2003b) , the formation of chain-like structures (Wiedemann-Bidlack et al., 2007 , and for guiding the generation of parallel arrays of apatitic crystals in vitro (Beniash et al., 2005; Kwak et al., 2009 ). Furthermore, LRAP has been shown to partially rescue the amelogenin knockout enamel phenotype (Gibson et al., 2009) , as was also shown with the full-length molecule (Li et al., 2008) . This was not the case, however, when amelogenin lacking the C-terminus was used, again indicating that the C-terminal domain is essential for normal enamel development (Pugach et al., 2010) .
We carried out the present study to examine the self-assembly behavior of LRAP, as a function of pH and calcium addition, and to determine the effect of LRAP on spontaneous calcium phosphate formation in vitro. More specifically, we performed studies to assess the roles of the single phosphate group and the hydrophilic C-terminus found in LRAP on self-assembly, and the effect of LRAP phosphorylation on mineral formation. The phosphorylation of amelogenin has recently been shown to have a marked effect on mineralization in vitro (Kwak et al., 2009; Wiedemann-Bidlack et al., 2011) . Studies were conducted with synthetic forms of LRAP with [LRAP(+P)] and without [LRAP(-P)] phosphorylation, and also without the 16-amino-acid C-terminus [i.e.. LRAP(+P,-CT) and LRAP(-P,-CT)] (Fig. 1 ).
MAtErIALs & MEthODs

Preparation of LrAP Peptides
Variations of the porcine LRAP peptide (Fig. 1 ) were synthesized commercially (NEO Peptide, Cambridge, MA, USA) and re-purified, as previously described (Nagano et al., 2009) . Lyophilized peptides were weighed and dissolved in distilled de-ionized water at room temperature to yield stock solutions of 5 mg/mL (pH ~ 3). Stock solutions were centrifuged (10,900 x g, 4°C, 20 min) just prior to use. All other solutions were first filtered (0.22-μm filter).
Dynamic Light-scattering (DLs) Experiments
We used dynamic light-scattering (DLS) to obtain information on the aggregation of LRAP peptides as a function of solution pH and/or the addition of calcium (see Appendix for additional information). Aliquots of peptides were mixed with MES (pH 4 -6.5) or MOPS (pH 6.5 -10) buffers to obtain final concentrations of 2 mg/mL and 20 mM buffer. Final pH adjustments were made with KOH, at 25°C or 37ºC. In selected experiments, calcium chloride was also added to yield a final concentration of 2.5 mM calcium.
Each DLS experiment (DynaPro MSXTC/12) was comprised of 8 measurements of 20 acquisitions (5 sec each) at 5-minute intervals at either 25°C or 37°C. The size (hydrodynamic radius, R H ) of LRAP particles in buffers at selected pH values and fixed temperatures was determined. DLS data were analyzed, as previously described (Wiedemann-Bidlack et al., 2007) . The formation of very large aggregates or a gel-like phase was indicated by a jump in scattering intensity to values above the detection limit of the instrument.
tEM Analyses
Five-μL aliquots were taken immediately after DLS self-assembly experiments or at specified times from mineralization solutions (see below) and placed on carboncoated Cu grids (Electron Microscopy Sciences, Hatfield, PA, USA). Duplicate grids were prepared from a minimum of 3 different experiments, and selected samples were negatively stained (30 sec) with 1% filtered phospho-tungstic acid (PTA) adjusted to the pH of the sample being examined. Images were obtained in bright-field and/or Selected Area Electron Diffraction (SAED) modes with a JEOL 1200 TEM microscope at 100 kV and captured by an AMT CCD camera (AMT, Danvers, MA, USA). Images were analyzed with ImageJ 1.43u software (NIH, Bethesda, MD, USA). Statistical analyses were conducted with SigmaStat v3.11 software (Systat Software, Inc., Chicago, IL, USA). ANOVA and Holm-Sidak comparison tests were performed (α = 0.05, p < 0.001).
Mineralization studies
Aliquots of calcium and pH-adjusted phosphate solutions (pH 11.3 ± 0.1) were sequentially added to peptide solutions, as previously reported (Kwak et al., 2009) . Solutions were quickly adjusted to a final value of pH 7.4 at 37°C with KOH to yield final concentrations of 2.5 mM Ca, 1.5 mM P, and 2 mg/mL peptide (volume, 0.06 mL). The pH of each experimental solution was monitored continuously by means of a micro-combination pH electrode (MI-410, Microelectrodes Inc., Bedford, NH, USA). Each experiment (n ≥ 3) was conducted in duplicate, with the duplicate tube being used for TEM analyses, as described above. The final pH of the latter sample was checked to confirm that it was similar to that of the other sample.
Fourier transform-Infrared (Ft-Ir) spectroscopy Analyses
Twenty-four-hour samples from selected mineralization experiments were concentrated, placed on KBr IR Cards (International Crystal Labs, Garfield, NJ, USA), and air-dried. FT-IR spectra (4000 to 450 cm -1 ) of samples were recorded by means of a Multiscope FT-IR microscope (Perkin-Elmer), as reported (Kwak et al., 2009) .
rEsuLts
Effects of ph and calcium on the Assembly of LrAP Peptides
At pH < 4 at 25°C, DLS analyses indicated that all LRAP forms appeared as small nanoparticles with R H values ~1 nm ( Fig. 2A ). Under less acidic conditions of 4.5 < pH < 6, however, all LRAP peptides exhibited off-scale DLS scattering ( Fig. 2A ), corresponding to the formation of large particles or gel-like phases. Consistent with DLS findings, TEM analyses of LRAP(+P) and LRAP(+P, -CT) exhibited large spherical structures (~ 500 nm in diameter) at pH 5 (Figs. 3B, 3D), whereas LRAP(-P) and LRAP(-P,-CT) exhibited random extended gel-like phases (Figs. 3A, 3C). LRAP(+P) and LRAP(-P) were similarly found to have a tendency to form large aggregates over a wide range of concentrations (down to 0.125 mg/mL) at pH 5 (data not shown).
At pH 7.0 and 25°C, DLS showed that LRAP(+P) and LRAP(-P) formed small structures (R H = 2-6 nm), whereas LRAP(+P,-CT) and LRAP(-P,-CT) still exhibited off-scale behavior ( Fig. 2A ). DLS findings similar to those found at 25°C were obtained for LRAP(+P) and LRAP(-P) at pH 7.0 at 37°C ( Fig. 2A ). TEM analyses of LRAP(-P) and LRAP(+P) at pH 7.0 at 25°C (Figs. 3E, 3F) and 37°C (Figs. 3M, 3N ) revealed a mixture of isolated spherical nanoparticles (from 10 to 12 nm in diameter) and their assembly into chain-like structures (defined here as the linear association of 3 or more spheres with a discrete beginning and end). In contrast, TEM analyses of LRAP(-P,-CT) showed large isolated spheres and aggregates (Fig. 3G ), while LRAP(+P,-CT) revealed similar large spheres interconnected in a web-like fashion through multiple connection points by thin threads that link one sphere to another (Fig.  3H ). When LRAP(-P) was examined at pH 6.0 (Fig. 3P) , chainlike structures and aggregates of chain-like structures predominated, with few isolated particles seen.
Relative to DLS findings in the absence of calcium ( Fig. 2A ), the addition of 2.5 mM Ca resulted in a notable change in particle sizes (R H ) for both LRAP(+P) and LRAP(+P,-CT) at 25ºC ( Fig. 2B ) and 37ºC (Fig. 2C ). For LRAP(+P), R H values increased from ~ 2 nm to 6-10 nm at pH > 6. A more dramatic effect was observed with LRAP(+P, -CT), where R H values of ~2 nm, seen at pH > 7.4, increased to off-scale values upon the addition of calcium. In sharp contrast, calcium had relatively little effect on LRAP(-P) and LRAP(-P,-CT) assembly at either temperature (Figs. 2B, 2C ). However, TEM analyses of both LRAP(-P) and LRAP(+P) at 37ºC revealed statistically significant (p < 0.02) increases in the relative numbers of chain-like structures in the presence of calcium (Figs. 3I, 3J ), in comparison with that seen in its absence (Figs. 3M, 3N ). It was found ( Fig. 3O ) that, with added calcium, the ratio of the number of chain-like structures to isolated spheres at pH 7.0 increased by 10-fold for LRAP(+P) (from 0.32 ± 0.11 to 3.27 ± 0.16) and by 2.3-fold for LRAP(-P) (from 0.27 ± 0.06 to 0.62 ± 0.02). TEM analysis of LRAP(-P, -CT) ( Fig. 3K) and LRAP(+P, -CT) (Fig. 3L) , in the presence of calcium at pH 7.0 and 37ºC, revealed a mixture of smaller spheres and large aggregates.
Effects of LrAP(+P) and LrAP(-P) on spontaneous Mineralization in vitro
Building on our self-assembly findings, which show that both LRAP(+P) and LRAP(-P) form chain-like structures, we investigated their effects on in vitro mineralization. In the control, a marked decrease in pH was observed over time ( Fig. 2D ). An initial plateau, seen until 30 min, corresponded to the presence of spherical particles of amorphous calcium phosphate (ACP), as observed with TEM. Mineral phase identification was based on SAED analyses (Fig. 4A, 30 min, inset) and known ACP morphology (Eanes, 2001; Mahamid et al., 2008) , which were consistent with those of amorphous material. A marked decrease in pH was then observed that corresponded to the formation and growth of plate-like particles at 2 hrs (Fig. 4A, 2  hrs) , followed by a slow decrease in pH up to 24 hrs that resulted in the formation of randomly arranged plate-like crystals (Fig. 4A, 24 hrs) . SAED analyses ( Fig. 4A, 24 hrs, inset) were consistent with the formation of hydroxyapatite (HA), as confirmed by FT-IR (Appendix Fig. 1 ). In the presence of LRAP(+P), after a small decrease in pH, only a slight pH change was observed for up to 24 hrs (Fig. 2D ). TEM and SAED analyses showed that, in the presence of LRAP(+P) (Fig. 4C) , spherical nanoparticles of ACP were present at 30 min and remained up to 24 hrs, as confirmed by FT-IR (Appendix Fig. 1) . Although not characterized, smaller mineral particles were seen at 5 to 10 min that appeared to grow over time without transforming to HA. ACP particles observed in the presence of LRAP(+P) at 24 hrs were significantly smaller in diameter (26.2 ± 4.0 nm) than ACP particles observed in the control at 5-10 min (84 ± 5.2 nm). Similarly, LRAP(+P) was found to stabilize ACP particles for up to 24 hrs at lower concentrations down to 0.175 mg/mL (data not shown).
In the presence of LRAP(-P), a marked decrease in pH over time was also observed (Fig. 2D ), similar to that seen in the control. However, a longer initial plateau of 1 hr was seen that again corresponded to the presence of spherical ACP particles (Fig. 4B) .
In the presence of LRAP(-P), however, bundles of ordered needle- , 20 mM MOPS buffer at pH 7.0 (E-H), and 20 mM MES buffer at pH 6.0 (P) at 25°C, and at pH 7.0 at 37°C without (M, N) and with (I-L) 2.5 mM CaCl 2 . All protein concentrations were 2 mg/ mL. Note that nanospheres and chain-like particles were observed at neutral pH with LRAP(-P) (E, M) and LRAP(+P) (F, N), but not with LRAP(-P,-CT) and LRAP(+P,-CT) (G, H). Chain-like particles were predominant with LRAP(+P) in the presence of calcium (J), indicating an assembly of the nanospheres into chains. (O) Comparison of the effect of added calcium on the ratio of chain-like structures to spheres of LRAP(+P) and LRAP(-P) at pH 7.0 and 37°C, under the same conditions used for I, J, M, and N. As shown and discussed in the text, the ratio of chain-like structures to spheres increased significantly (p < 0.02) for both LRAP(+P) and LRAP(-P) in the presence of calcium, and, to a greater extent, for LRAP(+P). We obtained results by counting [using cell count (Image J)] the numbers of isolated spheres and chains (n= 200 to 1200) on 5 representative TEM images from a minimum of 3 experiments. Scale bar in all images is 100 nm. like mineral particles were seen at 2 hrs (Fig. 4B) . Similar results were obtained with lower concentrations (down to 0.7 mg/mL) of LRAP(-P) (data not shown). These bundles of well-aligned crystals appeared to aggregate as the pH of the solution continued to decrease (Fig. 4B,  24 hrs) . This phenomenon may be a result of peptide aggregation at lower pH values observed at 24 hrs (Fig. 2D) , in comparison with the pH at 2 hrs, based on DLS (Fig. 2) and TEM (Fig. 3) findings. SAED analyses of isolated bundles of crystals collected at 2 hrs and 24 hrs (Fig. 4B,  Appendix Fig. 2) were consistent with the formation of thin HA crystals aligned along their c-axes. TEM images of negatively stained samples at 24 hrs suggested an alignment of LRAP(-P) nanospheres along the edges of what are assumed to be crystals (Appendix Fig. 3 ). Between crystals, LRAP(-P) nanospheres appeared to aggregate over time, consistent with DLS results and pH values observed at these time-points.
DIscussIOn
Results obtained indicate that porcine LRAP shares striking similarities with amelogenin with respect to its assembly behavior and effect on calcium phosphate formation in vitro. At neutral pH, LRAP(+P) and LRAP(-P) assemble to form chain-like structures composed of nanospheres, in a fashion similar to that seen for full-length amelogenins (Wiedemann-Bidlack et al., 2007 . Although previously shown to form nanospheres (Habelitz et al., 2006; Tarasevich et al., 2010) , the capacity of LRAP nanospheres to assemble into chain-like structures has not been previously shown. Notably, we have found that the addition of calcium has a major effect on the higher-order assembly of LRAP(+P) by enhancing the assembly of LRAP(+P) nanospheres into chainlike structures at pH 7.0, whereas calcium had a much smaller effect on LRAP(-P) assembly. Again, similar to that seen for full-length amelogenin (Paine et al., 2003b; Wiedemann-Bidlack et al., 2007) , LRAP loses its ability to assemble into chain-like structures at neutral pH when the C-terminal amino-acids are absent, even in the presence of calcium, confirming the importance of the C-terminus in higherorder amelogenin assembly (Paine et al., 2003b) .
We have also found that the phosphorylated form of LRAP, LRAP(+P), can stabilize ACP particles in vitro and prevent their transformation into hydroxyapatite. These findings are similar to those obtained with native phosphorylated full-length (P173) Figure 4 . TEM and SAED analyses of mineral phases formed during mineralization experiments in the absence and presence of added peptides (2 mg/mL): (A) control (no added peptide), (b) LRAP(-P), and (c) LRAP(+P) at different time-points. As shown, amorphous calcium phosphate (ACP) was initially formed in the control and in the presence of LRAP(+P) and LRAP(-P), based on the observed (insets) selected area diffraction (SAED) patterns at 30 min and characteristic spherical morphology. At 2 hrs, randomly arranged plate-like crystals were found in the control (A), whereas ordered bundles of needle-like crystals were formed in the presence of LRAP(-P) (B). Similar structures were also seen at 24 hrs. SAED analyses of control samples at 24 hrs (A) were consistent with randomly oriented hydroxyapatite crystals, while SAED analyses of isolated bundles of crystals obtained in the presence of LRAP(-P) showed narrow arcs corresponding to 002 and 004 reflections, indicating that the crystals of hydroxyapatite were aligned parallel in the c-axis direction. In contrast to these findings, in the presence of LRAP(+P) (C), ACP remained for up to 24 hrs. Mineral phase identification by SAED was confirmed by FT-IR (Appendix Fig. 1) . Scale bar in all images is 100 nm. and cleaved (P148) (Kwak et al., 2009) porcine amelogenins, as well as LRAP(+P,-CT) (Le Norcy et al., 2011) . These collective results suggest an important role of the sole phosphate group found in native amelogenins in the regulation of crystal formation in vivo. Although direct evidence is lacking, the transformation of ACP into hydroxyapatite crystals in vivo might be regulated by the dephosphorylation (Brookes et al., 1998) or degradation (Robinson et al., 2003) of amelogenin to less mineral-interactive forms. The ability of native amelogenins to stabilize ACP formation, nevertheless, is consistent with recent findings showing that ACP forms initially in developing enamel as linear arrays, which subsequently transform into apatitic crystals .
The non-phosphorylated peptide LRAP(-P), however, was shown to guide the formation of bundles of well-aligned needlelike apatitic crystals, as was previously found for recombinant full-length amelogenins (Beniash et al., 2005; Kwak et al., 2009) . Our earlier findings demonstrated that full-length recombinant porcine amelogenin rP172 has the ability to transiently stabilize ACP nanoparticles and guide their alignment into linear arrays during the formation of ordered bundles of needle-like crystals in vitro (Kwak et al., 2009) . Notably, our TEM results suggest that nanospheres of LRAP(-P) are aligned along the edges of what appear to be nascent crystals (Appendix Fig. 3) . Although further studies are needed, this observation may be related to the ability of LRAP(-P) to assemble into elongated chain-like structures comprised of nanospheres, particularly in the presence of calcium at pH < 7.4. Thus, these peptide chains may serve to align the growth of apatitic crystals along their c-axis.
In conclusion, we have shown that LRAP and analogous structural variants have striking similarities with full-length and cleaved forms of amelogenin. LRAP can assemble into chains of nanospheres and regulate in vitro mineralization. We have shown that the N-terminal and C-terminal amelogenin domains in non-phosphorylated LRAP(-P) are sufficient to guide ACP transformation into ordered bundles of apatite crystals. Although its role in enamel formation is unclear, LRAP appears to be an ideal candidate for use in biomimetic approaches for enamel regeneration.
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